Correspondence tony.harris@utoronto.ca
In Brief
West et al. report a molecular mechanism that relaxes epithelial tissues for uniform stretching by a pulling force. The Arf-GEF Steppke is recruited to cell-cell junctions by actomyosin. Arf-GEF activity inhibits these contractile junctional networks to reduce tissue tension and allow stretching in both Drosophila and zebrafish embryos.
INTRODUCTION
Animal morphogenesis is often driven by local contractions that are accommodated by the relaxation and elongation of attached, neighboring tissues. During Drosophila gastrulation, ventral and lateral contraction and convergence are coupled with the flattening and spreading of a dorsal ectodermal region, the amnioserosa [1] . The relationship is reversed for Drosophila dorsal closure (DC) when dorsal contraction is coupled with the flattening and elongation of the lateral and ventral epidermis [1] . Cell and tissue elongation is also integral to Drosophila wing development [2] , C. elegans ventral enclosure [3] , fish embryo epiboly [4] , mouse limb bud development [5] , and epithelial wound healing [6] .
Although molecular mechanisms of tissue contraction have been the subject of intense investigation [7, 8] , those permitting tissue stretching are poorly understood. Epithelial stretching can be facilitated by oriented cell divisions and/or cellular neighbor exchanges that relieve tissue tension [5, 9, 10] , but they are not always associated with tissue elongation, as is the case for Drosophila DC [11] . At the molecular level, actomyosin networks integrate through adherens junctions (AJs) to form tissue-wide contractile networks. Thus, alterations to the total levels of AJ proteins can impact tissue dynamics [12, 13] , and developmental changes to total levels of non-muscle myosin II (referred to as myosin hereafter) correlate positively with tissue stiffness [14] [15] [16] . Myosin activity is also subject to post-translational regulation, often by the RhoA/Rho1-signaling pathway and its modifiers but also by mechanical signal transduction. Such regulation has been shown to control the timing or location of contractile activity within epithelial cells (e.g., [17, 18] ). However, a post-translational mechanism for regulating epithelial stretching remains unknown.
Steppke (Step), the sole Drosophila member of the cytohesin family of Arf-guanine nucleotide exchange factors (GEFs) [19] , downregulates the Rho1-actomyosin pathway to restrain cleavage furrows and maintain the syncytial state of the early embryo [20, 21] . With Step depletion, Rho1 protein levels and actomyosin activity are both increased at cleavage furrows, leading to irregular syncytial cleavage and abnormal full division of single nucleated cells from the syncytium.
Step can be recruited to these furrows and uses its Arf-GEF activity to regulate actomyosin. Strikingly, a human cytohesin, ARNO, acts in similar ways to locally downregulate actomyosin for the formation of podosomes [22] . Moreover, a C. elegans cytohesin, GRP-1, localizes to cleavage furrows and regulates asymmetric cell division [23] . Thus, cytohesins regulate a number of actomyosin networks, but a role for cytohesins in epithelial morphogenesis has not been reported.
RESULTS
Step Promotes Orderly Tissue Elongation To test how Step affects tissue morphogenesis independently of its effects on early embryo cleavage, we examined step zygotic 
. step Mutants Fail Embryogenesis with Distorted Epithelial Elongation
(A) Left: an unhatched wild-type (WT) larva is compared with an unhatched step mutant with a head hole (arrow). Right: embryonic lethality and epidermal defects of transheterozygous step mutants are compared with step mutants additionally heterozygous for loss-of-function alleles of zip and shg (*p < 0.001; $ p < 0.05; means ± SD). Small head disruptions without clear holes are described as head scars. Figure S1A shows maternal Step depletion by DC. Figure S2C extends the step and zip genetic interaction analysis. (B) DE-cad-GFP live imaging in the epidermis (ep) and amnioserosa (as) of WT and step mutant embryos during germband retraction and early DC. WT embryos show coordinated elongation (four cells shaded blue and marked with yellow dots for each genotype), whereas many step mutant cells fail to elongate and instead form local multi-cellular rosettes (red arrow) (also shown as Movies S1 and S2). Figure S1B shows quantifications. Movie S3 shows normal amnioserosa myosin behavior in the mutants. (C) Left: DE-cad immunostaining of control DC embryos revealed rectangular arrays of epidermal cell-cell contacts. Co-stained and co-mounted step mutants displayed variable cell-cell contact lengths (white arrow), abnormal apical domain aspect ratios, and abnormal multi-cellular rosette abundance (red arrows, cells (legend continued on next page) mutants that contain a maternal supply of step gene product that is depleted by DC ( Figure S1A ). Substantial embryonic lethality was observed for mutants transheterozygous for two step alleles ( Figure 1A) , and a large proportion of these embryos displayed an open head hole ( Figure 1A) . Thus, the terminal step mutant phenotype involves defective head involution, a late embryogenesis process during which anterior myosin contractility pulls the epidermis over the head [24] .
To determine when epidermal defects first arise in step mutants, we examined earlier developmental stages. Germband retraction positions the rear of the embryo to a full posterior position, and, as the retraction completes, dorsal contraction elongates the lateral epidermis for DC [1, 11] . Analyzing cell-cell contacts just before germband retraction, step mutant embryos appeared indistinguishable from controls, with the columnar epidermal cells of each genotype arranged as a cobblestone array when viewed from the embryo surface ( Figure 1B , the AJ marker DE-cadherin [DE-cad] marks the apicolateral circumference of each cell). Also, staining of phospho-Histone H3 revealed no differences in the mitotic domains that expand the epidermal cell population during stages before germband retraction (data not shown). Consistent with previous characterization of germband retraction to the onset of DC [11] , live imaging of control embryos showed a smooth and uniform elongation of the epidermis from a cobblestone array into a dorsally oriented rectangular array with minimal cell division or cell-cell intercalation (Movie S1; Figure 1B , four elongating cells are pseudocolored). During this same period, live imaging of step mutants revealed elongation of many cells (Movie S2; Figure 1B ) at rates indistinguishable from controls ( Figure S1B ). However, other cells retained abnormally small apical domains. These refractory cells were often clustered as multi-cellular rosettes (Movie S2; Figure 1B , four refractory cells are pseudo-colored). Quantification revealed that rosettes formed in both controls and step mutants during the tissue elongation but that those of the mutants were significantly longer lived ( Figure S1B ).
For further quantification and the assessment of two different step allelic combinations, we examined populations of fixed embryos at the same stage of mid-DC. Control embryos displayed uniform cell-cell contacts along the leading edge of the epidermal sheet and a uniform rectangular array of cells behind ( Figure 1C ). Although many step mutant cells elongated, the embryos displayed greater variability of leading-edge cell contact lengths, abnormal aspect ratios of the apicolateral circumference of cells in the rear, and abnormally frequent multi-cellular rosettes ( Figure 1C , rosettes are pseudo-colored).
The general elongation of the step mutant lateral epidermis suggested intact dorsal pulling forces. Indeed, pulsatile actomyosin networks of the amnioserosa cells, which are sufficient to drive DC [25] [26] [27] [28] , were indistinguishable between controls and step mutants at mid-DC (Movie S3). Thus, as the lateral epidermis of step mutants is stretched by dorsal forces, single cell-cell contacts, individual cells, and small cell groups become abnormally distorted.
To test the role of the Arf-GEF activity of Step, we performed rescue experiments by expressing GFP-Step constructs in epidermal stripes in an otherwise step mutant background. Expression of a functional GFP-Step construct [20] rescued the tissue distortions of the step mutant epidermis at germband retraction, as apparent from a reduction of abnormal multicellular rosettes in the rescued tissue versus neighboring mutant tissue of the same embryo ( Figure 1D ). In contrast, GFPStep E173K , a construct with a point mutation disrupting its GEF activity [20] , failed to reverse the abnormal rosette formation ( Figure 1D ). Since these constructs were expressed in epidermal stripes, with minimal detection in the amnioserosa (data not shown), Step Arf-GEF activity seems to regulate epidermal structure from within the epidermis itself. Moreover, both constructs localized to AJs ( Figure 1D ). Strikingly, GFP-Step E173K became most strongly enriched at the central cell-cell contacts of the abnormal multi-cellular rosettes ( Figure 1D , red arrows and inset). It appears that the GEF-dead construct can be recruited to sites of epidermal distortion but that it cannot resolve them. Thus, Step Arf-GEF activity seems to function locally for the relaxation of cell-cell interactions. Two Arf small G proteins localize to the plasma membrane in the Drosophila embryo epidermis, Arf6 [29] and Arf1 [30] . arf6 (arf51F) and arf1 (arf79F) single mutants had no apparent tissue distortions, but double mutants resembled step mutants ( Figure S1C ). Thus, Arf6 and Arf1 may function redundantly downstream of Step, consistent with documented promiscuity of cytohesin Arf-GEF activity [19] .
Step Inhibits Junctional Actomyosin Activity Multi-cellular rosettes are a normal feature of Drosophila gastrulation, as well as tissue morphogenesis in vertebrates [31, 32] . In Drosophila, the apicolateral formation of these rosettes occurs through actomyosin cables pulling multiple cell-cell contacts to a central point, and these events contribute to convergent extension of the long body axis [18, 33] . Since Step antagonizes actomyosin during early embryo cleavage [20] , we hypothesized that its later loss leads to abnormal actomyosin activity, ectopic rosettes, and other tissue distortions. Thus, we examined Zipper-GFP (Zip-GFP; non-muscle myosin II heavy chain) in the lateral epidermis from the onset of germband retraction until substantial tissue elongation occurred at early DC. In control embryos, Zip-GFP initially displayed a punctate distribution around the apical cell circumference, and, as the tissue elongated, these puncta formed a planar polarized pattern (Figure 2A ; Movie S4). In contrast, step mutants initially displayed abnormally intense and continuous Zip-GFP distributions that often spanned multiple cell-cell contacts (we refer to these distributions as cables; at the onset of germband retraction, 8/9 step mutants displayed abnormal cables and 10/10 control embryos displayed more punctate distributions). As the step mutant tissue elongated colored). Right: mutants with two different step allelic combinations were quantified for the parameters versus control (*p < 0.001 for 10-38 leading-edge contacts and 406-681 apical domains from n = 9-16 embryos of each genotype: shown as box-and-whisker plots). (D) UAS-GFP-Step transgene expression in epidermal stripes using paired-Gal4 rescues the abnormal rosettes of step mutants (rosettes identified with DE-cad staining and shaded blue). Expression of GEF-dead UAS-GFP-Step E173K fails to reduce the abnormal rosettes. Scatterplots show rosette abundance in transgene-positive and -negative stripes of the mutants, with lines connecting the data from the same embryos. Both constructs localize to cell-cell contacts with UAS-GFP-Step E173K enriched strongly at the center of rosettes (red arrows; inset). Figure S1C shows Arf1 and Arf6 mutant analyses. dorsally, some cables maintained their length and others condensed (Figure 2A , arrows; Movie S4). DE-cad staining of the embryos at DC revealed that abnormal myosin condensations in step mutants were often found at the center of the abnormal multi-cellular rosettes ( Figure S2B ). The abnormal Zip-GFP cables in the step mutant epidermis suggested that the tissue may be under excessive tension prior to its elongation. Assuming friction is constant, the tension of a material correlates with its recoil after cutting [34] . Thus, we performed laser ablation experiments. First, we observed that the abnormally intense, junctional Zip-GFP cables of step mutant embryos recoiled significantly faster than the junctional myosin networks of control embryos ( Figure 2B ). Next, we probed tension across the epidermis in DE-cad-GFP-expressing embryos just prior to elongation. Since cell-cell contacts of individual embryos were variable in their lengths and orientations ( Figure 2C ) as well as their levels of myosin (Figure 2A) , we analyzed the contractility of larger regions of tissue by cutting 30.25-mm diameter circles and monitoring the recoil of the isolated group of $20 cells away from the surrounding epidermis ( Figure 2C ). We found that the instantaneous recoil of these groups was significantly greater for step mutants versus controls ( Figures  2C-2E ; Movie S5), indicating abnormally high tension. After the instantaneous recoil, the control and mutant patches lost area at indistinguishable rates ( Figure 2D ), although the step mutant patches were more irregularly shaped over time ( Figures 2C  and 2F ), perhaps a result of the more anisotropic distribution of myosin in the tissue (Figure 2A ). In summary, the earliest observed abnormalities of the step mutant epidermis were abnormally robust myosin cables and elevated tissue tension.
To test how myosin contributes to the step mutant phenotype, we generated step mutants that were additionally heterozygous for one of two zip loss-of-function alleles. Strikingly, heterozygosity for either of the two zip alleles substantially reduced the embryonic lethality of step zygotic mutants ( Figure 1A ). For embryos that failed to hatch, the zip heterozygosity reduced the frequency of open head holes in the epidermis ( Figure 1A ). Consistent with the partial rescue of step mutant embryo lethality with zip heterozygosity, we also observed a partial shift of the frequency of multi-cellular rosettes into the normal range at DC ( Figure S2C ). Thus, myosin activity seems to be a main contributor to the tissue defects of step mutants.
Since epithelial actomyosin networks are closely associated with AJs, we also examined step mutants that were additionally heterozygous for a loss-of-function allele of shotgun (shg), the gene encoding DE-cad. In this case, the step mutant phenotype was worsened; step mutants with reduced DE-cad displayed epidermal holes more frequently, and these holes were larger, often involving merged head and dorsal holes ( Figure 1A ). Thus, both head involution and DC failed in the step mutants when AJ activity was reduced. This analysis suggests that AJs buffer the effect of Step loss, possibly by withstanding abnormally heightened actomyosin contractility physically or by downregulating actomyosin biochemically.
Actomyosin Activity Recruits
Step To understand how Step downregulates actomyosin, we first probed for endogenous Step localization using an antibody shown to be specific in Drosophila imaginal discs [35] and in the embryo at DC ( Figure S1A ). During embryo cleavage and cellularization, Step was undetectable with the antibody (data not shown). At germband extension, Step was enriched along interconnected anterior-posterior AJs of the germband ( Figure 3A , stage 8, white arrows), where actomyosin cables contract to form multi-cellular rosettes [18, 33] , and also to early and late cytokinetic rings of mitotic domains ( Figure 3A , stage 8, yellow arrows), where actomyosin rings drive cell division [36] . During germband retraction,
Step localized around the apicolateral cell circumference anisotropically, with particular enrichment at tri-cellular junctions ( Figure 3A , stage 11, white arrows).
Step also continued to localize to cytokinetic rings ( Figure 3A , stage 11, yellow arrows), and it showed slight enrichment at the dorsal leading edge of the epidermis ( Figure 3A , stage 11, orange arrow), but it was not detectable at the plasma membrane of the dorsal amnioserosa ( Figure Figure 3A , stage 13/14, brackets), all locations where actomyosin levels are known to increase and function at this stage [37] . Thus, endogenous Step seems to be recruited to the actomyosin networks it regulates. This recruitment often occurs in proximity to AJs, but it also happens at cytokinetic rings where AJ proteins were not detected.
Myosin and
Step might be recruited to the same sites by distinct upstream pathways, or Step could be recruited by myosin to form a negative feedback loop. To distinguish these possibilities, we examined the localization of endogenous Step in two mutants that disrupt actomyosin by DC. We focused on
Step enrichment at the epidermal leading edge at DC, since this location is where both myosin and Step normally show the strongest accumulation. In homozygous zip 1 mutants, leadingedge
Step accumulation was markedly reduced compared to co-stained and co-imaged sibling controls ( Figure S3A , arrows). A similar reduction was observed for homozygous mutants of the (B) Kymographs show the recoil of control and step mutant myosin cables after laser ablation. Red arrows show the ablation site, where the position of the egg shell hole is maintained. Yellow arrows show points of each cable before and after ablation. Note the greater recoil from the cut site in the step mutant. For six control embryos and six step mutant embryos, the highest intensity myosin cable present was ablated and the instantaneous recoil rate determined (*p < 0.01).
(C) Live imaging of DE-cad-GFP in control and step mutant embryos before and after laser ablation at the onset of germband retraction. The laser cut a circle through the egg shell (holes that maintain their position) and the epidermis below. In the step mutant, the patch of isolated tissue recoiled from surrounding tissue faster than control (compare arrows), and the patch of isolated tissue gained more irregular shapes (also shown as Movie S5).
(D) Changes to isolated patch apical areas after ablation showed that the immediate recoils for the step mutants were faster than controls (insets). A separate embryo is shown with each line. Similar results were observed in full replicates of the experiment with two different control and step mutant genotypes.
(E) Quantification of instantaneous retraction rates of the isolated patches of step mutants versus controls (*p < 0.01 for n = 26-31 embryos).
(F) SD of isolated patch circularity over 22 time points over a total of 60 s after ablation. Average SD values are plotted separately for time courses of 15 control embryos and 12 step mutants (p = 0.041).
actomyosin activator rho1 ( Figure 3B , arrows). DE-cad levels were also reduced along the leading edge in both mutants ( Figures 3B and S3A ), as observed previously [38] . Thus, the Rho1-actomyosin pathway is required for local accumulation of both
Step and DE-cad at leading-edge cell contacts. Next, we asked whether experimental elevation of myosin activity was sufficient for local recruitment of Step. We overexpressed a constitutively active form of myosin regulatory lightchain kinase (CA-MRLCK), a kinase that phosphorylates and activates non-muscle regulatory myosin light chain (Spaghetti squash [Sqh] in Drosophila) in vivo [27] . Overexpression of CA-MRLCK specifically induced hyper-constriction of epidermal leading-edge cells at DC ( Figure S3B ), similar to loss-of-function mutants of the phosphatase that de-phosphorylates Sqh [39, 40] . In these hyper-constricted cells, Step was enriched at leading-edge cell contacts but also at rear-edge cell contacts to an equal extent ( Figure S3B , white arrows). DE-cad acquired an associated abnormal distribution ( Figure S3B ). Thus, elevated myosin activity can recruit both Step and AJs to ectopic sites.
To probe the dynamics of
Step-myosin associations, we performed live imaging of embryos co-expressing GFP-Step and Sqh-mCherry. At the onset of germband retraction, the proteins colocalized at cell-cell contacts of the epidermis, and, although their associations with these sites seemed dynamic, it was difficult to discern sequential relationships (Movie S6). To test how Step is enriched at cytokinetic rings (yellow arrows and inset) and anterior-posterior AJs of the converging and extending germband. At stage 11, before germband retraction, Step localizes to cytokinetic rings (yellow arrows), anterior-posterior AJs (white arrows), and additionally at leadingedge epidermal contacts (orange arrow) and epidermal tri-cellular junctions, but with low levels in the amnioserosa (bracketed). During DC, stage 13/ 14, Step becomes strongly enriched at leading-edge epidermal contacts (orange arrow), remains distributed along rear epidermal anterior-posterior AJs (white arrows), and becomes detectable along amnioserosa AJs (bracketed). See live imaging of Step and myosin in Movie S6. (B)
Step and DE-cad immunostaining in a rho1 homozygous mutant versus a co-stained and comounted sibling, both at DC. Note the reduced accumulation of Step and the leading edge of the rho1 mutant versus control (orange arrows), quantified to the right. The reduction of Step was significant at leading-edge contacts, but not for contacts to the rear of the same cells (*p < 0.001 for n = 12-16 embryos). DE-cad had a similar response. Each shown as box-and-whisker plots. Figure S3A shows similar effects with myosin mutants. Figure S3B shows opposite effects with abnormal elevation of myosin activity.
quickly
Step can be recruited to newly forming actomyosin networks, we evaluated two processes during which myosin accumulates with a specific start point: epidermal wound healing and cytokinesis. Following laser-induced wounding of the post-DC epidermis, co-expressed GFP-Step and Sqh-mCherry accumulated around the wound within minutes, with GFP-Step at the leading-edge cell-cell contacts of cells forming the wound margin and Sqh-mCherry connecting these discrete junctions ( Figure 4A ; Movie S7). A similar pattern of leading-edge enrichment was observed when GFP-Step was expressed alone (data not shown). During cytokinesis of single cells of epidermal mitotic domains, Sqh-mCherry accumulated minutes prior to GFP-Step ( Figure 4B ), followed by close colocalization of the constructs in the later cytokinetic ring ( Figure 4B, insets) . Again, GFP-Step accumulated similarly when expressed alone (data not shown). We noticed that the Sqh-mCherry organization changed at the cytokinetic ring as it formed (it had a mesh-like organization at early time points, 45.5-136.5 s in Figure 4B , and a condensed organization at later time points). Thus, the delayed GFP-Step recruitment could reflect slow recruitment by a continuous mechanism or fast recruitment specifically by the condensed network. Either way, Step seems to be recruited to sites of actomyosin accumulation within minutes.
Zebrafish Cytohesins Also Aid Tissue Spreading Since
Step plays a critical role in tissue relaxation and elongation in Drosophila, we hypothesized that cytohesin family members might function similarly in other animals. Thus, we examined zebrafish epiboly. During epiboly, the surface epithelial sheet, called the enveloping layer (EVL), is stretched over the yolk by pulling forces at its leading edge [4] . By whole-mount in situ hybridization during epiboly, we found that four of the six zebrafish cytohesins were expressed in the blastoderm, and each was Five minutes later, the leading edges of surrounding epidermal cells accumulate both Sqh-mCherry (white brackets) and GFP-Step (yellow arrows), first at the top half of the wound and then at the bottom half, and then both accumulations are maintained around the full wound as it closes. A macrophage entering the wound during middle time points is masked in white. Note that GFP-Step accumulates at cell-cell contacts of the leading edge and that Sqh-mCherry accumulates between these contacts, as shown at the final time point in the dual-channel inset. To the right, changes of GFP-Step levels (green) at leading-edge contacts are compared to changes of neighboring Sqh-mCherry levels (magenta), with background-corrected and normalized measurements from three different embryos (trend lines are moving averages with a period of four time points) (also shown as Movie S7). (B) Co-imaging of Sqh-mCherry and GFP-Step during division of an epidermal cell prior to DC. Sqh-mCherry is detected at the cytokinetic ring (white arrows) minutes before GFP-Step is detected at the ring (yellow), after which substantial colocalization occurs (insets). To the right, changes of GFP-Step levels (green) are compared to changes of Sqh-mCherry levels (magenta) at the same positions of contractile rings, with background-corrected and normalized measurements from three different embryos. undetectable in the yolk (cyth1a, cyth1b, cyth3a, and cyth4a; Figure S4A ). Injection of a combined cocktail of morpholinos targeting each of the four expressed cytohesins inhibited epiboly in contrast to injection of a mismatched morpholino cocktail or to uninjected embryos ( Figures 5A, 5B , and S4B; imaged and quantified in Figure 5B using T, brachyury homolog a (ta) as a marker Figure S4A shows the expression pattern of the four targeted cytohesin genes. (B) In situ hybridization of the leading-edge marker ta reveals $90% epiboly of uninjected embryos, a delay with the morpholino cocktail (red arrows), a partial rescue with step mRNA co-injection, and failed rescue with step E173K mRNA co-injection (red arrow). Injection of step mRNA or step E173K mRNA alone had no effect. The embryos are oriented with the animal pole at top. Quantifications of embryo populations are below.
(C) Embryos with normal or delayed epiboly were stained for F-actin (phalloidin) and imaged by confocal microscopy. Delayed epiboly correlated with smaller apical areas of ectodermal (EVL) cells.
(D) Embryos expressing non-muscle myosin light-chain 12-GFP (myl12.1-GFP) were injected with mismatched or cytohesin morpholinos and imaged live prior to 50% epiboly. The images are Imaris Surpass View maximum-intensity projections. Note the myosin enrichment at tri-cellular junctions in each case, but that the cytohesin morpholino cocktail elicited increased myosin localization to cable-like structures (yellow arrows) connecting the tri-cellular junctions. In each of two experiments, the cytohesin morpholino cocktail resulted in enhanced myosin cables (for n = 8 and 5 embryos in each experiment) not observed with the mismatched morpholinos (for n = 4 embryos in each experiment) or without injection (for n = 2 and 6 embryos in each experiment). Figure S4B shows further mismatched morpholino analysis.
for the blastoderm leading edge [41] ). Embryos with reduced epiboly also failed to elongate their EVL cells ( Figure 5C , junctional actin stained with phalloidin).
To further test the specificity of the morpholino effect, we synthesized morpholino-resistant Drosophila step mRNA. Remarkably, co-injection of step mRNA partially rescued the epiboly defects of the morpholino cocktail ( Figures 5B and 5C ). However, co-injection of step mRNA containing the point mutation disrupting its Arf-GEF activity failed to rescue the epiboly defects of the morpholino cocktail ( Figures 5B and 5C ). Thus, cytohesin Arf-GEF activity seems to be critical for tissue elongation in the zebrafish embryo.
Since the tissue elongation defect of Drosophila step mutants was preceded by abnormal cables of junctional myosin, we examined myosin localization during early zebrafish epiboly prior to the development of pulling forces at the EVL leading edge [42] . Strikingly, injection of the cytohesin morpholino cocktail induced robust cables of junctional myosin, not observed after injection of the mismatched morpholino cocktail nor in uninjected embryos ( Figure 5D ; data not shown). Thus, cytohesin Arf-GEFs appear to antagonize the formation of myosin cables along cell-cell junctions to allow tissue elongation during zebrafish epiboly.
DISCUSSION

Our results show that
Step antagonizes actomyosin networks and that these networks recruit Step, forming a negative feedback loop. This negative feedback loop seems to act in close proximity to AJs, and actomyosin accumulations can recruit
Step within minutes. We propose that continual action of this actomyosin-Step negative feedback loop relaxes cell-cell junctions, prevents tissue distortions, and allows orderly tissue elongation under stress.
A central consideration for tissue stretching is epithelial viscoelasticity [43] , a physical property recently demonstrated in vivo for the Drosophila lateral ectoderm during gastrulation [16] and for the Drosophila amnioserosa during DC [14, 15] . Consistent with the lateral epidermis retaining viscoelasticity at DC, cell and tissue elongation reverses when the leading edge of the tissue is torn [44] or ablated [45] . As a viscoelastic material, the response of the lateral epidermis to deforming stress can be viewed as a combination of elastic springs and viscous dashpots [43] . Our genetic, imaging, and ablation data suggest that the actomyosin-Step negative feedback loop relaxes the elastic spring component of the standard linear model of viscoelasticity that applies to the Drosophila epidermis [16] . First, the distortions of the step mutant epidermis are accompanied by junctional accumulation of actomyosin networks, the major contributors to cell and tissue contractility and elasticity [43] . Second, the distortions are reduced by decreasing myosin levels. Third, sites of actomyosin activity recruit Step within minutes, providing a mechanism for local junctional relaxation in a timescale relevant to the tissue elongation. Fourth, the response of step mutant tissue to laser ablation-abnormally fast instantaneous recoil followed by an unaltered contraction rate-is most easily explained by local increases to contractile force, rather than a general change to viscosity. Thus, the actomyosin-Step negative feedback loop seems to allow the spring component of a viscoelastic epithelium to relax itself, thereby facilitating the elongation of the material under stress. Exactly how actomyosin recruits Step remains to be determined, but the mechanism does not rely solely on AJs as
Step also accumulates at cytokinetic rings.
Step localization to cleavage furrows of the early embryo involves coiledcoil domain interaction with the adaptor protein Stepping stone [46] and pleckstrin homology PH domain interaction with Arf small G proteins [47] . At DC, the PH domain of Step is recruited to the epidermal leading edge by phosphatidylinositol-3,4,5-P 3 [48] . One or more of these mechanisms might link Step to actomyosin.
Our data highlight a role for an actomyosin-Step negative feedback loop in tissue relaxation and elongation, but what prevents such actomyosin inhibition when tissue contractility is needed? For example, Step inhibits actomyosin activity at cleavage furrows of the syncytial embryo [20, 21] , but, at the end of cellularization, full cytokinesis is required to form individual cells of the blastoderm [49] . Following cellularization, the ventral and lateral ectoderm become highly contractile to drive ventral furrow formation and convergent extension of the long body axis [7, 8, 13, 50] . Notably, endogenous
Step protein seems to localize to the supracellular actomyosin cables that pull cells into multi-cellular rosettes for axis elongation ( Figure 3A ) [18, 33] . Similarly, Step localizes to cytokinetic rings that fully constrict ( Figure 3A ) [36] . In such contexts, actomyosin activity might surpass a threshold, making it resistant to more limited
Step signaling, as evident during the division of primordial germ cells from the syncytial embryo [21] . Alternatively, Step or downstream Arf small G protein signaling might be inhibited post-translationally.
Step downregulates actomyosin for syncytial cleavage of the early Drosophila embryo [20] , the C. elegans cytohesin GRP-1 localizes to cytokinetic rings and regulates asymmetric cell division [23] , and the human cytohesin ARNO locally downregulates actomyosin networks to allow podosome formation [22] . Here we show that cytohesin Arf-GEF activity also promotes tissue relaxation and elongation in both Drosophila and zebrafish embryos. Thus, cytohesins seem to regulate a variety of actomyosin-based processes from invertebrates to vertebrates. In some contexts the regulatory mechanism tempers stress generation, and in others it facilitates the stretching of cells and tissues.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tony Harris (tony.harris@utoronto.ca). The allele arf79F 182-1 allele was generated by imprecise excision of a 5 0 UTR intronic P-element by crossing the P-element line arf79F EY08473 (BDSC #19877) to transposase source flies (BDSC #1798). Progeny were screened for mosaic red eye pigmentation, followed by adult lethality. Sequencing the PCR fragment amplified by forward primer 5 0 -GGCAGACAATAGTGACTTGTGCT-3 0 and reverse primer 5 0 -CGCTGGATGTTGGATGTCCTTCAGC-3 0 revealed a deletion between 5 0 -CTTCCCTCAGC-3 0 and 5 0 -AAGAGCG GCTG-3 0 of the arf79F gene, a deletion that fully removed the arf79F protein coding sequence. To distinguish mutants by fluorescent microscopy alleles were balanced over CyO, twi-GAL4, UAS-GFP (BDSC #6662) or TM3, twi-GAL4, UAS-GFP (BDSC #6663). For embryonic lethality rates and cuticle analyses, alleles were out-crossed to remove balancer chromosomes. The following lines were synthesized by recombination: step Df ,Ubi-DE-Cad-GFP/CyO, twi-GAL4, UAS-GFP and step
EXPERIMENTAL MODEL AND SUBJECT DETAILS
K0
, Zip-GFP/CyO, twi-GAL4, UAS-GFP and step KG , UAS-GFP-Step (or UAS-GFP-Step E173K )/CyO. Other synthetic lines were generated by standard Drosophila genetics. For expression of UAS transgenes in epidermal stripes, paired-Gal4 was used. For all other UAS transgene expression, daughterless-Gal4 was used. Animals were maintained under standard conditions. True breeding stocks were maintained at room temperature, 18
• C or 25
• C on fly food provided by a central University of Toronto kitchen operated by H. Lipshitz. Embryos were collected on plates of apple juice agar (25 g agar, 250ml store-bought apple juice, 12.5g store-bought white sugar, 10ml 10% Tegosept (in ethanol), plus dH 2 O to 1000ml) plates at 25
• C after 2-3 days of caged adult feeding on dabs of store-bought baker's yeast with daily plate changes. Adults were caged for embryos collection within one week of pupal hatching from true breeding stocks with no prior manipulations and with no noticed health issues. Embryo genders were not determined and embryo populations with a specific genotype of experimental interest displayed relatively uniform, or evenly distributed, phenotypes suggesting no detectable gender contribution. Embryos were staged as described by Campos-Ortega and Hartenstein (1985) [1] , and stages are indicated in the figures.
Zebrafish lines and embryo collections
Embryos were collected from natural spawnings of wild-type AB animals, or as progeny of Tg(actb1:Myl12.1-eGFP) females (gift of C.-P. Heisenberg, Institute of Science and Technology Austria) [55] mated with wild-type AB males.
Animals were maintained under standard conditions and were treated in accordance with the policies and procedures of the University of Toronto animal care committee. Fish tocks were maintained at [28] [29] C in an Aquaneering Zebrafish Housing System with pH between 6.8-7.2 and conductivity between 500-600 mS. Embryos were collected using a tea strainer and rinsed and stored in housing system water in a 28.5 C incubator. Adults used for embryo production were on average 1-year old with no prior manipulations and with no noticed health issues. Embryo genders were not determined and embryo populations with a specific genotype of experimental interest displayed relatively uniform, or evenly distributed, phenotypes suggesting no detectable gender contribution. Embryos were staged as described by Kimmel et al. (1995) [56] , and stages are indicated in the figures.
METHOD DETAILS
Drosophila embryonic lethality tests and cuticle analyses For embryonic lethality rates, flies were allowed to lay eggs for up to 18 hr at 25
• C. 300 eggs were collected and incubated for 48 hr at 25
• C. Embryonic lethality was quantified as the percentage of total embryos that failed to hatch (unfertilized eggs excluded). The experiments were replicated at least three times. For cuticle analyses, unhatched embryos were collected, dechorionated using 50% bleach, mounted on slides in a 1:1 solution of Hoyer's:Lactic acid, and baked overnight at 65
• C (Hoyer's was prepared with a recipe from H. Krause (University of Toronto) by adding 30 g of gum Arabic to 50ml dH 2 O, stirred overnight with addition of 200 g choral hydrate in small quantitative, and then 20 g of glycerol was left for particulate to settle). 100-300 embryos were quantified in each experiment. Embryos were selected randomly by scanning the sample in a raster pattern and including all embryos. No blinding or sample-size estimations were done. Experiments were replicated at least three times.
Drosophila imaging
For phalloidin staining, embryos were dechorionated using 50% bleach, fixed for 25 min in 1:1 10% formaldehyde/PBS:heptane, and de-vitellinized by hand peeling. For other stainings, embryos were dechorionated with 50% bleach, fixed for 20 min in 1:1 3.7% formaldehyde/PBS:heptane, and de-vitellinized by methanol. Blocking and staining was with PBS/1% goat serum/0.1% Triton X-100. The following antibodies were used; guinea pig, Step For live imaging, dechorionated embryos were glued to a coverslip using tape adhesive dissolved in heptane and mounted in halocarbon oil (series 700; Halocarbon Products). The coverslip, with the embryos facing up, was set into the bottom of a glass bottom culture dish with its original coverslip removed. For wound healing experiments, dechorinated embryos were mounted onto a coverslip in halocarbon oil (series 700; Halocarbon Products), and then placed onto a gas-permeable membrane (YSI).
Most images were collected with a spinning-disk confocal system (Quorum Technologies) at RT with a 63x Plan Apochromat NA 1.4 objective (Carl Zeiss, Inc.), a piezo top plate, an EM CCD camera (Hamamatsu Photonics), and Volocity software (PerkinElmer). Z stacks had 300-nm step sizes. Live imaging of DE-cad-GFP was performed with a Leica TCS SP8 confocal system at RT with a 63X NA 1.4 objective (Leica), and 300nm step sizes.
Embryos were selected randomly by scanning the sample in a raster pattern and including all embryos of the appropriate stage. No blinding or sample-size estimations were done. Experiments were replicated at least two times.
Drosophila laser ablation
For laser ablation experiments, images were acquired using a Revolution XD spinning disk confocal microscope (Andor Technology) with a 60x oil-immersion lens (Olympus, NA 1.35), an iXon Ultra 897 camera (Andor Technology), 300-nm step sizes, and Metamorph software (Molecular Devices). Wounds were made by a pulsed Micropoint N 2 laser (Andor Technology) tuned to 365 nm. To test myosin cable tension, single spot wounds were made in the lateral epidermis at the onset of germband retraction. To test tissue tension, 70 spot wounds were made in a circle with a diameter of 30.26 mm in either segment T1, T2, T3 or A1 of pre-germband retraction embryos (stage 11). To examine Step recruitment, 5 spot wounds were made in a line of 10 mm in the lateral epidermis at the end of DC (stage 15) parallel to the anterior-posterior axis of the animal.
Zebrafish imaging and perturbations
To clone zebrafish cytohesin genes, primers were designed against the coding regions of all six zebrafish cytohesin (cyth) genes. Four genes (cyth1a, cythb, cyth3a and cyth4a) were successfully PCR amplified from early gastrula stage cDNA using the Q5 master mix (NEB): Cyth1a, Forward-ATGGTGCTGAAATCTGAAGA, Reverse-CTAGTGTCTCTTCATCGATG; Cyth1b, Forward-ATGGTGCT GAAATCAGATGA, Reverse-CTACTGTCTCTTTAAAGACG; Cyth3a, Forward-ATGAACATGGATGAAGACAA, Reverse-TCACTTTTT AGTGGCCACTC; Cyth4a, Forward-ATGAAGTCCCCCTGCAGCAC, Reverse, TCAGTCGTGGGGTTCGTTGT.
PCR products were ligated into pGEM-T Easy (Promega) and confirmed by sequencing. Whole-mount in situ hybridizations were done as described [57] . Embryos were fixed overnight at 4 C in 4% paraformaldehyde, then washed 3 times 5 min in PBT (PBS + 0.1% Tween-20). Chorions were manually removed using watchmakers forceps and embryos were stored in 100% methanol at À20 C. For in situ hybridization, embryos were washed in 60% methanol/PBS, 30% methanol/PBS for 5 min each followed by 4 washes in PBT. Embryos were post-fixed in 4% paraformaldehyde for 20 min at room temperature then washed 4 times in PBT for 5 min each. Embryos were prehybridized for 3 hr at 70 C in 65% formamide, 5X SSC (Thermo Fisher Scientific), 50mg/mL heparin, 0.1% Tween-20 and 9mM citric acid. Embryos were hybridized overnight at 70 C in prehybridization solution with the addition of the antisense probe and 0.5mg/mL tRNA (Sigma-Aldrich). The following day embryos were washed at 70 C for 10 min each in: 75% prehybridization solution/2x SSC; 50% prehybridization solution/2X SSC; 25% prehybridization solution/2X SSC and 100% 2x SSC. This was followed by 2 30 min washes in 0.05x SSC at 70 C. Embryos were then washed at room temperature for 5 min each in: 75% 0.05X SSC/PBT; 50% 0.05X SSC/PBT; 25% 0.05X SSC/PBT and PBT. After a 1 hr block in PBT/2% sheep serum/2 mg/mL BSA, embryos were incubated overnight at 4 C in block solution containing anti-digoxigenin APconjugate diluted 1:5000. The following day embryos were washed at least 10 times over 5 hr in PBT at room temperature. Embryos were washed 3 times for 5 min each in substrate solution: 100 mM Tris pH 9.5, 50 mM MgCl 2 , 100 mM NaCl, 0.1% Tween-20. For the enzymatic color reaction embryos were incubated in substrate solution plus NBT/BCIP (Sigma-Aldrich) for approximately 2 hr. As described [58] , the T, brachyury homolog a (ta) digoxigenin labeled antisense riboprobe was made by T7 in vitro transcription of XhoI digested plasmid, using the Dig RNA labeling kit (Sigma Aldrich) and following the manufacturer's instructions. The probe was purified using NucAway Spin Columns (Thermo Fisher Scientific), following the manufacturer's instructions. Cytohesin digoxigenin labeled riboprobes were generated similarly from linearized vectors containing the sequences cloned above.
Translation blocking antisense morpholino oligonucleotides were designed and obtained from Gene Tools LLC:
cyth1a Morpholino oligo: ACCGTCTTCAGATTTCAGCACCATC; cyth1b Morpholino oligo: CATCATCTGATTTCAGCACCATGAT; cyth4a Morpholino oligo: GTGAGGAGGTTCTCTGTTTCGTACA; cyth3a Morpholino oligo: CGGTTGTCTTCATCCATGTTCATGC.
The mismatch control morpholinos were:
AgCGTCTTgAcATTTCAcCACgATC (cyth1a); CATCATgTcATTTgAGCACgATcAT (cyth1b); CGGTTcTgTTCATCgATcTTCATcC (cyth3a); GTcAcGAGcTTCTCTcTTTCcTACA (cyth4a).
step constructs were cloned into pCS2+ using the primers Forward-GCAGGCTGGCGCCGGATCCAATTCAGTCGACATGATTAG and Reverse-GGGTCTAGATATCTCGAGTGCGGCCGCTATTAACTCTTGC and the restriction enzymes BamHI and XhoI. Capped sense RNA was synthesized from NotI digested plasmids using the SP6 mMessage mMachine Kit (Ambion).
Microinjections of morpholinos and step mRNAs were done as described [59] . Morpholinos and RNAs were diluted in water and pressure injected at room temperature into the yolk of 1-2 cell stage embryos using a MPPI-2 pressure injector (Applied Scientific Instrumentation). All 4 morpholinos were mixed together at 1 mM each and 2 ng of each morpholino was injected. 670 picograms of the step mRNA constructs were injected alone or in combination with the morpholino mix.
Phalloidin staining was done as described [51] . Embryos were fixed overnight at 4 C in 4% paraformaldehyde. After several room temperature PBT washes over 30 min, embryos were manually dechorionated using watchmakers forceps. Embryos were blocked for 2-5 hr at room temperature in block solution: 10% goat serum, 1% DMSO, 1% Triton in PBS. Embryos were incubated in the dark overnight at 4 C in block solution plus 1:200 Alexa Fluor 488 Phalloidin (Invitrogen) and rinsed several times the following day in PBT. Myosin imaging was performed on the progeny of Tg(actb1:Myl12.1-eGFP) females mated with wild-type males. Embryos were imaged on a Leica SP8 confocal microscope.
QUANTIFICATION AND STATISTICAL ANALYSIS
Drosophila post-acquisition analyses Epidermal structure was quantified at DC in the following ways. Lengths of leading edge contacts were quantified as the distance between two vertices using the line tool in ImageJ (NIH). Fifteen or more edges were measured per embryo, and the standard deviation of these values was determined for each embryo and plotted. For quantification of cell aspect ratios individual cells were segmented using SIESTA software [52] and measured using MATLAB software (MathWorks, Natick, MA) and the DIPImage toolbox (Delft University of Technology) to calculate the ratio of the mean cell length along the DV axis to the mean cell length along the AP axis for each cell. For rosette quantification, rosettes were identified as five or more cells meeting within a square of 1.6um 2 and the total area of the tissue was measured with the polygon tool in ImageJ.
To measure the recoil of myosin cables or tissue patches after laser ablation, the respective regions of interest were segmented using MEDUSA [53] . For the tissue patches, only undamaged cells were included in the segmentation. Changes in the distance between ablated myosin cable ends, or in cell patch area, after laser ablation were calculated using SIESTA and custom scripts written in MATLAB and DIPImage. Patch circularity was determined as:
where p is the apical cell perimeter, and a is the apical cell area. Circularity is 1 for circles, and greater than 1 for non-circular shapes.
DE-cad and
Step levels were measured at epidermal leading edge tricellular junctions and compared to anterior-posterior contacts to the rear of the same cell to determine enrichment. 10 pairs of contact types were selected for each embryo at random, and the average fluorescence of a 1.3mm diameter circle was measured using the RGB measure tool in ImageJ. Background measurements were obtained in the middle of the cytoplasm of each cell measured, and then subtracted from contact measurements. For each experiment, all background-corrected measurements were normalized to the average of the leading edge measurements of control embryos.
Zebrafish post-acquisition analyses
To assess the extent of epiboly progression, in situ hybridization against ta marked the blastoderm leading edge. Embryos were photographed and ImageJ was used to measure the length of the embryo along the animal-vegetal (A-V) axis and the distance from the animal pole to the leading edge of ta staining.
Statistics
Comparisons were done with Student's t tests (two-tailed, unpaired) using Excel (Microsoft). Means are shown with standard deviations. Unless noted otherwise, N values refer to embryo numbers analyzed in the comparison (see figures and legends). No specific methods were used to determine whether the data net assumptions of the statistical approach but in general datasets had relatively normal distributions.
